No-choice tests can help select weed biological control agents with a high degree of host specificity but may exclude potentially effective agents that can develop on nontarget plants under laboratory conditions. The actual amount of damage to nontarget plants often goes unstudied, even though agents may exploit nontarget plants without inflicting significant harm. Furthermore, tests typically assess whether prospective agents can complete one generation on nontarget plants, and rarely examine whether agents are likely to persist on the nontarget plants over the long term. Pre-release assessments that occur over multiple generations of the agent could help determine whether prospective agents pose a threat to nontarget plants under field conditions. This study focused on the psyllid Arytinnis hakani Loginova (Hemiptera: Psyllidae), which is under consideration in California for release against the invasive shrub French broom, Genista monspessulana (L.) LAS Johnson. We examined the host suitability of seven nontarget Lupinus spp. (Fabales: Fabaceae) for the psyllid using no-choice tests, and assessed psyllid impacts on Lupinus arboreus Sims, which consistently supported psyllid oviposition and development. The psyllid oviposited on all of the tested Lupinus spp., and completed two generations on five of the Lupinus spp., although numbers of psyllids were highest on French broom. In an additional experiment, A. hakani did not affect growth or survival of L. arboreus, but reduced growth and dramatically reduced survival of French broom. Taken together, these results indicate that Lupinus spp. are suboptimal hosts for the psyllid and are unlikely to be significantly impacted by its feeding.
Classical biological control can be a cost-effective and self-sustaining method for controlling invasive weeds (Hoddle 2004 , Van Driesche et al. 2010 , Van Wilgen et al. 2013 . Although weed biological control has been spectacularly successful in some cases (Schwarzländer et al. 2018) , unwanted damage to nontarget plant species can occur (Louda et al. 2003) . Nontarget plant species that are closely related to the target weed are most at risk (Pemberton 2000, Suckling and . Oligophagous agents may persistently impact suitable nontarget host plants directly, such as in the case of Rhinocyllus conicus (Froel.) or Trichosirocalus horridus (Panz.) (Coleoptera: Curculionidae) (Louda et al. 2003 , Wiggins et al. 2010 . However, nontarget attack may be limited in space or time. For example, dense populations of the agent can 'spill-over' from the target weed and damage nearby nontarget plants (Sheppard et al. 2005 , Wheeler et al. 2017 . Such risk tends to increase with decreasing distance between the weed and nontarget plant (Schooler et al. 2003 , Rand and Louda 2004 , Taylor et al. 2007 ). Thus, nontarget plants that are closely related to the target weed phylogenetically and that co-occur with the target weed would presumably be at greatest risk of attack.
Nontarget impacts can be avoided by selecting biological control agents with a high degree of host specificity (Charudattan 2001, Suckling and . Agents that feed and develop on nontarget plants in no-choice starvation tests may be further evaluated by dual-choice tests (target vs nontarget) or by open field tests, which can provide more representative information about the relative suitability of plant species for oviposition and development under field conditions (van Klinken 2000 , Schaffner et al. 2018 . Results of no-choice tests define the 'fundamental' host range of Environmental Entomology, 48(3), 2019, 524-532 doi: 10.1093/ee/nvz041
Research the prospective agent and allow for conservative predictions of nontarget risk (van Klinken 2000 , Fowler et al. 2004 ). However, no-choice tests can overestimate risks and may exclude effective agents that pose no threat to nontarget plants in the field (Balciunas and Smith 2006 , Hinz et al. 2014 , Downey and Paterson 2016 . Predicting nontarget impacts from host-specificity assessments remains a challenge (Hopper 2001) . The agent may be considered to harm any plant species on which it completes development or feeds on in no-choice tests, and actual damage to nontargets in the field often goes unstudied (Thomas and Willis 1998, Pemberton 2000) . In fact, agents may colonize nontarget plants without inflicting harm (Willis et al. 2003) . Pre-release tests of nontarget impact have rarely been conducted, but could help determine whether agents are likely to cause long-term damage (Paynter et al. 2015 , Wheeler et al. 2017 . Furthermore, nontarget tests typically occur over one generation of the prospective agent and rarely examine whether agents are likely to persist on nontarget plants over multiple generations.
In this study, we assessed the suitability of nontarget plant species for a prospective biological control agent, and assessed potential impacts on nontarget plants under quarantine conditions. The study focused on the psyllid Arytinnis hakani Loginova (Hemiptera: Psyllidae), which is under consideration in California for release against the weed French broom, Genista monspessulana (L.) L.A.S. Johnson (Fabales: Fabaceae) Smith 2014, Hogg et al. 2016) . French broom is a perennial shrub from Europe that has invaded 40,000 hectares in California. It is also invasive in Oregon, Chile, New Zealand, and Australia (Parsons and Cuthbertson 2001) . Although classical biological control is likely to be the only longterm option for controlling French broom (Sheppard and Henry 2012) , no agents have been intentionally released against it in North America (Bossard 2000) .
Arytinnis hakani has five nymphal instars and consumes phloem in leaves and stems. It develops from egg to adult in 30 d, and has a pre-oviposition period of 3 d at 22°C (Smith 2014) . It is causing widespread dieback of French broom in Australia (Sullivan 2013 , Sheppard et al. 2014 , where it appeared adventively before an application for a release permit was evaluated. Laboratory studies confirmed that A. hakani could reduce French broom survival by 80-90% (Hogg et al. 2016 (Hogg et al. , 2017 .
Although Arytinnis hakani appears to feed exclusively on French broom in its native range (Sheppard and Thomann 2004) 
Materials and Methods

Study Materials
Experiments were conducted at a USDA-ARS quarantine laboratory in Albany, CA. Seven Lupinus spp. were selected for the study based on their abundance and wide geographic range in California Table 1) were measured, and each plant was enclosed by a hoop cage consisting of a ~1 m length of wire that was bent over the plant to support a white organdy bag enclosing the entire plant. Cages were ~40 cm tall (excluding the pot) × 20 cm wide. To test the suitability of the Lupinus spp. for oviposition and development of A. hakani, three pairs (three females + three males) of 7-d-old psyllids were added to caged plants of each species. After 6 d, surviving psyllid adults were removed using an aspirator and counted to measure 'initial adult survival', and numbers of psyllid eggs on plants were counted under a microscope. The experiment was conducted in two trials because some Lupinus spp. required more time to grow before starting the experiment. Psyllids were added to French broom (n = 6) L. albifrons (n = 6), L. arboreus (n = 6), L. chamissonis (n = 6) and L. longifolius (n = 6) on 17 March 2016 (trial 1), and to French broom (n = 6), L. affinis (n = 6), L. formosus (n = 4) and L. microcarpus (n = 6) on 24 March 2016 (trial 2). Additional plants of each species were caged but did not receive psyllids, and served as controls for assessing psyllid impacts. A total of six psyllid-addition and three control plants were included for each Lupinus spp., except L. formosus, which received four psyllid-addition and two control plants, because only six healthy plants of this species were available at the time of the experiment. Six psyllid-addition and three control French broom plants were included on each date. Impact of psyllids on the plants was measured with the intention of combining these data with those of a subsequent experiment (see experiment 2 below) to study one lupine species that appeared to be at highest risk. We did not analyze these results for experiment 1 because of the small number of replicates. Plants were grouped on the greenhouse bench by size class (height) in six blocks, with one plant from each species in each block; three blocks also contained additional control plants for each species. Plant species and treatments (psyllids added or not) were arranged randomly within each block.
The experiment ended after approximately 4 mo, at the completion of two psyllid generations. Psyllid numbers and plant mortality (the total absence of live leaves was used to infer mortality) were monitored every 6-12 d for the first 2 mo (during the first psyllid generation) from the start of the experiment (defined as the date that initial adults were removed from cages), and every 21-30 d thereafter (roughly at the middle and end of the second psyllid generation). Plant growth parameters (height and number of leaves) were measured at the end of the first psyllid generation. All psyllid-addition French broom plants died before the end of the second psyllid generation, precluding further measurement.
Experiment 2: Impacts of A. hakani on L. arboreus
An additional experiment was conducted to examine the effects of A. hakani on survival and growth of L. arboreus, on which A. hakani consistently oviposited and developed in the previous experiment. Plants were caged and inoculated with psyllids on either 8 or 17 February 2017, and psyllids were removed 6 d later, as described for experiment 1. Caged plants that did not receive psyllids were also included as controls. Five psyllid-addition and five no-psyllid control plants were included for French broom and L. arboreus on each date and were used in combination with data for French broom and L. arboreus from experiment 1, for a total of 16 psyllid-addition and 13 no-psyllid control plants for each plant species. Plants were arranged in blocks by height, and were assigned to psyllid-addition or control treatments in a complete randomized block design. The experiment ran for approximately 4 mo, and psyllid numbers on plants and plant survival were recorded every 12 to 16 d during the first psyllid generation, and plant survival was again assessed 4 mo after plants were inoculated. Plant growth parameters (height and numbers of leaves) were assessed 7-8 wk after initial adults were removed from cages, roughly corresponding with the end of the first psyllid generation.
Data Analyses
The two trials from experiment 1 were analyzed separately because different Lupinus spp. were included in each, and all data for French broom and L. arboreus from experiments 1 and 2 were analyzed together. Block was initially included in analyses as a random factor, but was never significant and was dropped. For all trials, changes in total numbers of psyllids (eggs + nymphs + adults) during the first psyllid generation were compared between the plant species using repeated measures analysis of variance (ANOVA), with time as a repeated factor (all French broom plants that received psyllids died in the first psyllid generation or early in the second psyllid generation, limiting analysis of psyllid numbers to the first psyllid generation), using the lmer function in R version 3.4.1 (R Development Core Team 2017). For trials 1 and 2, pairwise comparisons were made between French broom and each of the Lupinus spp., and P-values were adjusted using the sequential Bonferroni correction. To improve normality, response variables were log-transformed before analysis.
To examine whether psyllid performance changed with plant species in experiment 1, initial adult survival (after the 6-d exposure period), egg numbers at the start of the first psyllid generation, time until adult emergence at the end of the first psyllid generation (number of days to the appearance of the first adult in cages from the date the initial adults were removed from cages), and maximum numbers of adult psyllids counted on any sample date during the first psyllid generation (total numbers of adult psyllids that emerged could not be measured, because adults were left in cages) were compared between plant species using ANOVA and Tukey HSD tests for multiple comparisons using the aov function in R. Data for timing of adult emergence could not be analyzed for trial 2, because psyllids completed development on too few Lupinus plants. Adult survival was logit-transformed and the other response variables were log-transformed before analyses.
For data for French broom and L. arboreus, proportional change in height and numbers of leaves were calculated for each plant as (H t -H i )/H i , where H t is height or leaf number 7-8 wk after initial psyllid adults were removed from cages (roughly at the end of the first psyllid generation) and H i is height or leaf number at the start of experiment (when initial psyllid adults were removed from cages). The effect of adding psyllids on log-transformed change in growth parameters was examined using mixed-model ANOVA with type 3 sums of squares for unequal sample sizes using the lmer function in R, with psyllid addition (psyllids added or not) and plant species (French broom/L. arboreus) as fixed factors and trial date as a random factor, and including a psyllid addition × plant species interaction term. Psyllid effects on survival of French broom and Lupinus spp. to the end of the 4-mo experiment were assessed using a generalized linear model with binomial error, a logit link function and type 3 sums of squares using the glm function in R, including psyllid addition and plant species as factors and a psyllid addition × species interaction term.
Results
Experiment 1: Performance of A. hakani on Lupinus spp.
Arytinnis hakani oviposited on all tested Lupinus spp. (Figs.  1-3 Asterisks indicate when adult psyllids first appeared in at least one cage for that plant species. All psyllids were in the egg stage on the first sample date for the first and second psyllid generations (1 April and 21 May, respectively). All French broom plants that received psyllids were dead by the 11 July sample date (three plants had died previous to 8 July, one each by 26 April, 11 May, and 23 May). Fig. 1 . Numbers of psyllids (eggs + nymphs + adults) per plant on the plant species included in trial 1. Data are means ± SE. Numbers above means indicate numbers of surviving plants. Asterisks indicate when adult psyllids first appeared in at least one cage for that plant species. All psyllids were in the egg stage on the first sample date for the first and second psyllid generations (for French broom, 25 March and 11 May, respectively; for Lupinus spp., 25 March and 19 May, respectively). All French broom plants that received psyllids were dead by the 8 July sample date (previous to 11 July, one plant had died by 3 May).
Psyllid numbers changed over time (repeated measures ANOVAs, trial 1: F 6,147 = 20.88, P < 0.0001; trial 2: F 6,86 = 12.47, P < 0.0001) and differed between plant species (trial 1: F 4,25 = 6.79, P < 0.001; trial 2: F 3,19 = 16.54, P < 0.0001), and the effect of plant species changed over time (trial 1: F 24,147 = 6.36, P < 0.0001; trial 2: F 4,116 = 3.72, P < 0.0001). Pairwise comparisons showed that psyllid numbers were lower on all Lupinus spp. than on French broom (for the species factor, Bonferroni corrected P < 0.02 in all cases), except for L. formosus, which had similar psyllid numbers to French broom (for the species factor, Bonferroni corrected P = 0.11).
Initial adult survival during the 6-d exposure period differed between plant species ( Fig. 3a and b ; ANOVA, trial 1: F 4,25 = 9.84, P < 0.0001; trial 2: F 3,18 = 6.23, P = 0.004). Proportional adult survival in trial 1 on French broom was about 50% higher than on L. albifrons, although this difference was not statistically significant (Tukey HSD test, P > 0.05; Fig. 3a) , and was at least threefold higher than on L. arboreus, L. chamissonis or L longifolius, and was higher on L. albifrons than on L. chamissonis (Tukey HSD test, P < 0.05), on which no adults survived. Proportional adult survival in trial 2 was at least twofold higher on French broom than on L. formusus, L. affinis or L. microcarpus, and these differences were significant for all but L. formosus (Tukey HSD test, P < 0.05; Fig. 3b ). Numbers of eggs also differed between plant species ( Fig. 3c and d ; trial 1: F 4,25 = 10.81, P < 0.0001; trial 2: F 3,17 = 5.09, P = 0.01). Egg numbers were at least twofold higher on French broom than on L. arboreus, L. chamissonis, L. longifolius (Tukey HSD test, P < 0.05; Fig. 3c ) and L. albifrons, although the latter was not significant (Tukey HSD test, P > 0.05; Fig. 3c ). Egg counts did not differ between French broom, L. affinis and L. formosus, and were threefold to fivefold higher on those plants than on L. microcarpus (Tukey HSD test, P < 0.05; Fig. 3d ). Development time of the psyllid differed between plant species in trial 1 (F 4,15 = 4.55, P = 0.01; Fig. 3e) (Fig. 3f) . Maximum numbers of adults differed between plant species in trial 1 (F 4,24 = 6.35, P = 0.001) but not in trial 2 (F 3,9 = 2.93, P = 0.09) (Figs. 3g and h) . In trial 1, maximum adult numbers on French broom were at least twofold higher than on any of the Lupinus spp., although this difference was significantly different for only L. chamissonis and L. longifolius (Tukey HSD test, P < 0.05). In trial 2, maximum adult numbers were similar on French broom and L. formosus, although they were near zero on L. affinis and L microcarpus.
Experiment 2: Impacts of A. hakani on L. arboreus
Psyllids developed to adulthood on all French broom plants and on 11 out of the 16 L. arboreus plants; 14 L. arboreus plants supported at least some nymphal development. Psyllid numbers were consistently twofold to threefold higher on French broom during the first psyllid generation (Fig. 4) . Psyllid numbers declined over time (repeated measures ANOVA, F 4,116 = 19.94, P < 0.0001) and differed between plant species (F 1,30 = 46.94, P < 0.0001), and the effect of plant species did not change over time (F 4,116 = 1.28, P = 0.28). At the start of second psyllid generation (week 8), eggs were present on all 15 surviving French broom plants, but were found on only 6 out of the 15 surviving L. arboreus plants; numbers at the start of the second psyllid generation were far higher (193%) on French broom than on L. arboreus (345.0 ± 117.6 eggs per plant vs 4.6 ± 2.3).
Proportional change in plant height from the start of the experiment (when initial adults were removed from cages) to the approximate end of the first psyllid generation (7-8 wk later) was affected by the addition of psyllids (mixed-model ANOVA, F 1,39 = 4.02, P = 0.045) and not by plant species as a main effect (F 1,39 < 0.01, P = 1.00), although the psyllid addition × plant species interaction was significant (F 1,39 = 4.23, P = 0.04). When data for each species were analyzed separately, the addition of psyllids marginally affected change in height of French broom (F 1,18 = 2.80, P = 0.09; Fig. 5 ) but did not affect L. arboreus (F 1,19 = 0.18, P = 0.67; Fig. 5) . No detectable effects on leaf number were found, and regression analyses of plant growth parameters versus psyllid numbers per plant were nonsignificant for both plant species, and the results are not shown here.
All 16 French broom plants that received psyllids died, while three out of the 13 no-psyllid control plants died (23%). A total of 14 L. arboreus plants died, nine out of the 16 psyllid-addition plants (56%) and five out of the 13 no-psyllid control plants (38%). Overall, plant survival was affected by the addition of psyllids (GLM, χ 2 = 23.32, P < 0.0001), and did not differ between plant species (χ 2 = 0.73, P = 0.40). However, the psyllid addition × plant species interaction term was significant (likelihood ratio χ 2 = 10.11, P = 0.002), and in separate comparisons the addition of psyllids affected survival of French broom (likelihood ratio χ 2 = 23.32, P < 0.0001) but not L. arboreus (likelihood ratio χ 2 = 0.91, P = 0.34).
Discussion
In the current study, the psyllid A. hakani oviposited on all tested nontarget plant species under no-choice conditions, and persisted for more than one complete generation on five perennial Lupinus spp. (L. albifrons, L. arboreus, L. chamissonis, L. formosus, L. longifolius) , whereas very little or no nymphal survival was observed on the annuals (L. affinis, L. microcarpus). The five species that supported development over two psyllid generations likely share similar structural and biochemical characteristics that allow A. hakani to persist, albeit at low levels on some species. Host specificity often has a biochemical basis (Bernays and Chapman 1994) , and most herbivores can exploit closely related plants that share traits such as chemical defenses (Futuyma and Agrawal 2009) . The ability of even highly specialized herbivores to feed on a range of closely related plant species complicates the selection of biological control agents (Tingle et al. 2017) . Our experiments used a no-choice design that might have overestimated the ecological host range of A. hakani. Predicting whether a plant that supports development in the laboratory will be attacked in the field remains a challenge (Louda et al. 2003) . By necessity, host-specificity testing generally is conducted under cramped quarantine conditions that differ widely from field conditions (Briese 2005) , and the 'realized' host range of an agent is typically only a subset of the 'fundamental' host range that is estimated in no-choice tests. Prospective agents may accept plants in no-choice starvation tests that they would not exploit in the field (van Klinken 2000 , Paynter et al. 2018 . Food deprivation can influence whether herbivores feed on plant species (Wheeler et al. 2017) . Such conditions also likely influenced the oviposition behavior of A. hakani. Prealighting cues may be bypassed in constricted experimental settings, and females may unload eggs indiscriminately when deprived of their host plant (Marohasy 1998) . Nonetheless, based on our results, the tested Lupinus spp. fall strongly within the 'fundamental' host range of A. hakani, as they all supported at least minimal development to adulthood, which included oviposition, sustained feeding and immature development. The one possible exception is L. microcarpus, which supported oviposition but not psyllid development in our experiment.
Arytinnis hakani persisted on most Lupinus spp. at lower numbers than it did on French broom, and deposited more eggs, developed to adulthood more quickly (although the development rate on French broom was statistically different from L. albifrons only), and produced more fertile adults on French broom than on several Lupinus spp. Taking initial adult survival, oviposition, psyllid population size over time, and time to adult emergence together, the results indicate that Lupinus spp. were suboptimal hosts for A. hakani, decreasing the likelihood that A. hakani would build significant populations on the tested Lupinus spp. in the field, even if it were to persist for multiple generations. Although psyllid numbers on one species, L. formosus, were not significantly different from those on French broom, psyllids oviposited only sporadically on this species (on two out of four plants) and low levels of replication for this species likely compromised statistical power.
Lupinus arboreus was selected for a study of psyllid impact on lupines because A. hakani oviposited on all six replicates of this species in experiment 1, adult development time was similar to French broom, and psyllids produced a second generation on L. arboreus, although the numbers of adults supported by L. arboreus were significantly lower than on French broom; L. arboreus was also relatively easy to grow in psyllid cages. Relatively low densities likely limited the impact of the psyllid on L. arboreus, and suggest that the psyllid's impacts on this species in the field would be low, even if the psyllid were to attack it. We suspect that the artificial growing conditions adversely affected the L. arboreus that died by the end of our 4-mo experiment (56% of the 16 psyllid-addition plants and 38% of the 13 no-psyllid control plants). We cannot rule out the possibility that poor plant quality affected psyllid survival, particularly on the L. arboreus plants that died. However, we do not think plant quality greatly influenced psyllid performance on surviving psyllid-addition L. arboreus plants, which grew vigorously during the experiment (on average plants grew about 35 cm in height). The results pooled across three trials for L. arboreus are the strongest indicator of low/no impact of the psyllid on this nontarget Lupinus species. Willis et al. (2003) showed that the mite Aculus hyperici colonized nontarget plants after it was released in Australia against St. John's wort, Hypericum perforatum, but did not affect plant reproduction or growth, and we suspect that impacts by A. hakani on Lupinus spp. would be similarly minor. Agents that survive at low levels on nontarget plants are unlikely to cause significant nontarget damage, although population-level impacts can be difficult to assess (Sheppard et al. 2005) .
Conversely, high psyllid densities were likely responsible for the total mortality experienced by infested French broom plants in the current study. In previous studies, densities of A. hakani similar to those observed in this study were correlated with French broom mortality (Hogg et al. 2016 (Hogg et al. , 2017 . Since appearing in Australia, this psyllid has caused widespread mortality of French broom plants in areas where it has been redistributed (Sullivan 2013) , and would likely have similar effects if released in California. The speed that A. hakani killed French broom plants in the current study, after only one generation (about 2 mo), was particularly striking and likely arose because we made no effort to control psyllid densities; the initial psyllid egg density on French broom plants was 4.84 ± 0.64 (mean ± SE) per cm stem length, whereas previous studies limited initial densities to 2 psyllid eggs per cm stem length (e.g., Hogg et al. 2016 Hogg et al. , 2017 . Cook and Smith (2014) reported that small French broom plants could only sustain 1.0 s instar or 0.7 fifth instar nymphs per cm of stem length, which may explain the decrease in psyllid densities over time on French broom in the present study. French broom plants may have died before the psyllids could exert strong effects on plant growth; effects on some growth parameters did not appear until the end of the second psyllid generation in a previous study (Hogg et al. 2016) . In comparison, Cook and Smith (2014) reported that the increase in plant height and the number of leaflets were reduced by 16 and 29%, respectively, relative to that of uninfested plants.
In summary, our results show that the Lupinus spp. tested are suboptimal hosts for the psyllid, although A. hakani is capable of persisting on several of the Lupinus spp. for more than one generation under quarantine greenhouse conditions. This finding indicates that at least some nontarget plants are within the physiological or fundamental host range of this insect. However, A. hakani is only reported to attack French broom and has not been found on other plant species in Europe (Sheppard and Henry 2012) , indicating high host specificity in its native range. Our greenhouse results and observations from Australia suggest that the psyllid would be effective in suppressing French broom in California, where it forms nearly monospecific stands in some areas (Herrera et al. 2011) , and reduces faunal or floral diversity by outcompeting native plant species (Alexander and D'Antonio 2003) . Further experiments under choice or field conditions would be necessary in order to confirm whether Lupinus spp. are likely to be attacked in nature if the psyllid were to be released in California.
